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ABSTRACT - PURPOSE: Cyclophosphamide is widely used to treat children with medulloblastoma; however,
little is known about its brain penetration. We performed cerebral microdialysis to characterize the brain
penetration of cyclophosphamide (130 mg/kg, IP) and its metabolites [4-hydroxy-cyclophosphamide (4OH-CTX)
and carboxyethylphosphoramide mustard (CEPM)] in non-tumor bearing mice and mice bearing orthotopic Group
3 medulloblastoma. METHODS: A plasma pharmacokinetic study was performed in non-tumor-bearing CD1-
nude mice, and four cerebral microdialysis studies were performed in non-tumor-bearing (M1 and M3) and tumor-
bearing mice (M2 and M4). Plasma samples were collected up to 6-hours post-dose, and extracellular fluid (ECF)
samples were collected over 60-minute intervals for 24-hours post-dose. To stabilize and quantify 4OH-CTX, a
derivatizing solution was added in blood after collection, and either directly in the microdialysis perfusate (M1
and M2) or in ECF collection tubes (M3 and M4). Plasma/ECF cyclophosphamide and CEPM, and 40H-CTX
concentrations were separately measured using different LC-MS/MS methods. RESULTS: All plasma/ECF
concentrations were described using a population-based pharmacokinetic model. Plasma exposures of
cyclophosphamide, 4OH-CTX, and CEPM were similar across studies (mean AUC=112.6, 45.6, and 80.8
umol-hr/L). Hemorrhage was observed in brain tissue when the derivatizing solution was in perfusate compared
with none when in collection tubes, which suggested potential sample contamination in studies M1 and M2.
Model-derived unbound ECF to plasma partition coefficients (Kpu) were calculated to reflect CNS penetration
of the compounds. Lower cyclophosphamide K,, ., was obtained in tumor-bearing mice versus non-tumor bearing
mice (mean 0.15 versus 0.22, p=0.019). No differences in K, ., were observed between these groups for 4OH-
CTX and CEPM (overall mean 0.10 and 0.07). CONCLUSIONS: Future studies will explore potential
mechanisms at the brain-tumor barrier to explain lower cyclophosphamide brain penetration in tumor-bearing
mice. These results will be used to further investigate exposure-response relationships in medulloblastoma
xenograft models.

INTRODUCTION

Medulloblastoma is the most common malignant Cyclophosphamide has demonstrated efficacy
brain cancer in children (1). These brain tumors are against medulloblastoma preclinically and clinically
highly heterogeneous, and divided molecularly into since the early 1980s, and is considered as a standard
four major subgroups termed Wingless, Sonic of care along with vincristine and cisplatin (6-8). As
hedgehog, Group 3, and Group 4, with distinctive such, cyclophosphamide is frequently used in
outcome, transcriptional and epigenetic signatures efficacy studies in mouse models of G3MB to
(2-4). Contemporary therapy for patients with investigate the effects of potential new combination
medulloblastoma includes surgery, radiation therapy chemotherapies (9-11).

to the whole craniospinal axis, and high-dose
cytotoxic chemotherapy. This approach has led over
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Although its efficacy in treating medulloblastoma
suggests an adequate central nervous system (CNS)
penetration of the compound, very little has been
published in this setting, and only in healthy rats and
monkeys (12-14). No investigation has yet been
done to characterize the penetration of
cyclophosphamide across the blood-brain-barrier or
the blood-tumor barrier in mice. This information
would be valuable to aid in characterizing the
exposure-response relationships in the mouse tumor
models, and explore new combination treatments.
The inactive parent drug cyclophosphamide
undergoes complex hepatic metabolism to form
numerous metabolites through which it exerts
cytotoxic activity (15). Thus, it is important to study
the parent drug as well as its active metabolite(s) to
better understand the antitumor efficacy. In humans,
cyclophosphamide is predominantly metabolized to
4-hydroxy-cyclophosphamide =~ (4OH-CTX) by
multiple cytochrome P450 enzymes, which can then
diffuse into cells and be converted into
phosphoramide mustard, the ultimate alkylating
metabolite. 4OH-CTX is commonly measured as a
surrogate to investigate the drug cytotoxic activity,
although its bioanalysis requires a specific procedure
(16, 17). 4AOH-CTX is very reactive and unstable in
biologic fluids and needs to be immediately
stabilized with a phenylhydrazine derivatizing
solution after sample collection. This metabolite can
also be converted by aldehyde dehydrogenase to

inactive  carboxyethylphosphoramide = mustard
(CEPM) (15).
A preclinical approach using cerebral

microdialysis along with pharmacokinetic modeling
and simulation was previously developed and
applied to characterize the brain penetration of drugs
in tumor subgroup-specific models of CNS tumors
(18). Cerebral microdialysis allows the collection of
brain extracellular fluid (ECF) samples and the
measurement of unbound drug concentrations in
ECF over a set amount of time. As mentioned
previously, measuring 40OH-CTX ECF sample
would require the addition of the derivatizing
solution during the cerebral microdialysis process. In
this setting, the derivatizing solution could be added
either in the microdialysis probe perfusate or after
sample collection in the tubes.

In the current study, we applied a preclinical
approach in which plasma and ECF disposition, and
plasma protein binding of cyclophosphamide and its
metabolites, were characterized in both non-tumor-

bearing mice and mice orthotopically implanted with
G3MB. The potential impact of the different
methods to collect 4OH-CTX ECF samples (i.e.,
derivatizing solution in perfusate versus collection
tube) on its pharmacokinetic profile was evaluated.
Last, the ECF to plasma partition coefficient (Kp,uw)
reflecting the CNS penetration was estimated for
each compound using pharmacokinetic modeling in
both non-tumor and tumor-bearing mice.

METHODS

Chemicals and drugs

Cyclophosphamide monohydrate was purchased
from Millipore Sigma (St. Louis, MO),
cyclophosphamide-ds from Medical Isotopes
(Pelham, NH), CEPM, and 4OH-CTX from
Niomech (Bielefeld, Germany).
Carboxyethylphosphoramide-ds was obtained as a
custom synthesis from Chemical Biology and
Therapeutics of St. Jude Children’s Research
Hospital. Formic acid (LC-MS/MS grade, 99.5%
purity), acetonitrile (HPLC grade), methanol (HPLC
grade), sodium hydroxide (98.9 purity) and sodium
thiosulfate pentahydrate (99.8% purity) were
purchased from Fisher Scientific (Waltham, MA).
Ammonium acetate (for mass spectrometry,
>99.0%), phenylhydrazine hydrochloride (> 99%
purity), and sodium citrate tribasic dihydrate (>
99.9% purity) were purchased from Millipore Sigma
(St. Louis, MO). CD-1 mouse plasma with sodium
heparin as anticoagulant was purchased from
BioreclamationIVT (Baltimore, MD) and lab grade
Ringer’s solution from Frey Scientific (Nashua,
NH). Water was prepared using Millipore Q-
advantage water purification system (Temecula,
CA). The derivatizing solution containing 277 mM
phenylhydrazine was prepared by dissolving
phenyldrazine hydrochloride powder into 0.1M
sodium citrate solution followed by adjusting the pH
to 6 by addition of 10 M sodium hydroxide solution.
Cyclophosphamide for dosing was obtained from
Baxter (Deerfield, IL). 0.9% sodium chloride was
purchased from APP Pharmaceuticals, LLC
(Schaumburg, IL). Cyclophosphamide  was
formulated at a concentration of 13 mg/mL in 0.9%
sodium chloride.

Animals and tumor implantation
CD1-nude mice were purchased from Charles River
Laboratories (Willington, MA). 1x10° mouse G3MB

613



J Pharm Pharm Sci (www.cspsCanada.org) 22, 612 - 629, 2019

purified tumor cells retrovirally transduced with
luciferase were stereotactically implanted in the
cortices of naive mice. Animals were kept under
controlled environment where temperature,
humidity, and 12h day and night cycles were
maintained artificially. All animal studies performed
were approved by the St. Jude Children’s Research
Hospital Institutional Animal Care and Usage
Committee (IACUC), and met the guidelines of the
Association for Assessment and Accreditation of
Laboratory Animal Care (AALAC).

Plasma protein binding studies

A plasma  protein  binding study  of
cyclophosphamide, 40H-CTX, and CEPM was
performed using a rapid equilibrium dialysis
procedure to determine the unbound fraction (Fy) of
each analyte in mouse plasma. Each compound was
added to CDI1 mouse plasma to make final
concentrations of 10 and 500 upM for
cyclophosphamide, 1 and 30 uM for CEPM, and 0.5
and 15 uM for 4OH-CTX. 1 mL of spiked plasma
was added to Centrifree® ultrafiltration devices
[molecular weight cut off (MQCO): 10 K Daltons;
MilliporeSigma, Darmstadt, Germany]. The plasma
samples were centrifuged for 30 min at 3600 rpm at
37°C. The filtrate was saved and stored at -80°C until
analysis. For each analyte, Fy was calculated as ratio
of unbound drug concentration in the filtrate to total
drug concentration in the plasma sample.

Plasma pharmacokinetic study

A plasma pharmacokinetic study was performed in
twelve female non-tumor-bearing CD1-nude mice
dosed with 130 mg/kg cyclophosphamide via IP
injection. A population-based study design was
implemented where multiple samples were collected
per mouse. Animals were divided into 4 groups (3
mice/group) with different plasma collection time
points after injection: 5 min, 1.5, and 4 h (cohort 1);
1, and 6 h (cohort 2); 0.5, and 4 h (cohort 3); and
0.25, 2, and 6 h (cohort 4). The last blood sample (1
mL) for each cohort was collected via cardiac stick,
whereas all other samples (75 pL) were collected via
retro-orbital eye bleed.

Derivatizing solution (277 mM
phenylhydrazine) was immediately added to blood
for 40H-CTX bioanalysis (15 pL of blood into 30
pL of derivatizing solution for blood samples
collected via retro-orbital eye bleed, and 500 uL of
blood in 1 mL of derivatizing solution for blood

samples collected via cardiac stick). The remainder
of the blood was placed in a separate tube for both
cyclophosphamide and CEPM bioanalysis. Both
tubes were immediately spun to plasma, transferred
into labeled 1.5 mL flip top tubes, and then stored at
-80°C until analysis.

Cerebral microdialysis studies

Four cerebral microdialysis studies were performed
in non-tumor bearing mice (study M1 [n=5] and
study M3 [n=9]) or mice that were orthotopically
implanted with G3MB (study M2 [n=8] and study
M4 [n=7]). In studies M1 and M3, mice were
implanted with a cannula and enrolled in the
microdialysis study approximately 5 days after
surgery. In studies M2 and M4, mice were implanted
with 1x10° mouse G3MB cells and cannulas
simultaneously under a previously described
Institutional Animal Care and Use approved
procedure. The stereotaxic coordinates for cannula
implantation were: x = -1 mm, y =-2 mm, and z = -
2.5 mm using the bregma as the zero point. Tumor
growth was measured weekly by bioluminescence
imaging using a Xenogen (Caliper Life Science,
Waltham, MA, USA) system. After the tumor cells
grew for ~14 days and bioluminescence signals
reached ~1x10® photons/sec, mice were enrolled in
the microdialysis study. For all mice, on the day of
microdialysis experiment, the stylet was removed
from the cannula and a 1-mm microdialysis probe
with 38 kDa molecular weight cut-off membrane
(MD-2211, BASi) was inserted into the guide
cannula to collect brain/tumor extracellular fluid
(ECF). The probes were perfused with Ringer’s
solution at a flow rate of 0.5 puL/min for lh to
equilibrate with the in vivo environment. Once the
probes were equilibrated, mice were dosed with 130
mg/kg cyclophosphamide via IP injection. Dialysate
fractions  containing unbound drug ECF
cyclophosphamide, 4OH-CTX, and CEPM
concentrations were collected over 1 h intervals for
5h.

Similar to the plasma pharmacokinetic study, a
derivatizing solution was added to the dialysate
samples to stabilize and analyze 4OH-CTX. The
derivatizing solution was either directly added to the
perfusate (i.e., derivatized Ringer’s solution) as in
studies M1 and M2, or placed into the tubes in which
dialysates were collected as in studies M3 and M4.
During the four cerebral microdialysis studies, blood
samples from each mouse were collected at time
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points as defined by a limited sampling model (see
Pharmacokinetic Modeling) by retro-orbital bleeds,
and processed as previously described. All plasma
and dialysate samples were stored at -80°C until
further analysis. As quality control measure, after
completion of the microdialysis studies, the brain
was removed with the microdialysis probe intact,
and submitted for routine processing and histology.
Brains were immersion fixed in sifu in 10% neutral
buffered formalin for a minimum of 24 h before
removal from the calvarium, then were fixed for an
additional 24 h. The brains were embedded in
paraffin, 4 um thick horizontal sections were taken
at 150 pm intervals and were stained with
hematoxylin and eosin (HE).The slides were
examined to confirm the location of the probe within
the tumor (for tumor-bearing animals) and detect any
hemorrhage or necrosis.

Recovery studies
The dialysate flowing through the probe and the ECF
surrounding the probe are not in equilibrium with
one another. Thus, recovery studies must be
performed for each probe prior to its use in the
microdialysis study to relate dialysate results to the
drug concentrations in tumor or brain ECF (19). For
this analysis, microdialysis recovery was determined
using in vitro retrodialysis recovery studies. For in
vitro retrodialysis, each probe for each non-tumor
and tumor-bearing mouse was placed in a stirred
blank Ringer’s solution and maintained at 37°C. The
probe was either perfused with derivatized Ringer’s
solution or blank Ringer’s solution with the
derivatizing solution in the collection tube at a
known concentration of the drug of interest (1 pg/mL
for each cyclophosphamide, 4OH-CTX, and CEPM)
at a flow rate of 0.5 pL/min. After equilibration for
1 h, three consecutive fractions of 1 h interval each
were collected. Dialysate samples were stored at -
80°C until further analysis. For each compound,
probe recovery was calculated using the ratio of drug
concentration in the dialysate sample to that in the
bulk sample. Unbound concentration in tumor or
brain ECF was then calculated by dividing
concentration observed in dialysate samples
collected during the microdialysis study with the in
vitro recovery ratios determined with the appropriate
probe for each compound in each mouse.

Prior to perform the cerebral microdialysis
studies, the concentration-dependency of the in vitro
recovery was evaluated using three different

cyclophosphamide concentrations, i.e., 20, 200, and
2000 ng/mL and four different probes with three
replicates per probe. The average recovery
coefficients obtained for each probe at each
concentration were compared to assess the recovery
concentration-dependency using one-way ANOVA
with the Geisser-Greenhouse correction and Tukey’s
multiple comparison tests.

Bioanalytical method

The LC-MS/MS methods to analyze human plasma
cyclophosphamide and its metabolites samples
previously developed by Kalhorn and colleagues
were modified and validated to analyze
cyclophosphamide and CEPM in one method, and
derivatized 40H-CTX in another method with
adequate precision and bias (16, 17). The details of
the modifications of the LC-MS/MS methods are
reported in Supplementary Material (Section 1).
The lower limits of quantification (LLOQ) for
cyclophosphamide, 4OH-CTX and CEPM in plasma
were 0.038, 0.017, and 0.20 uM, respectively. The
LLOQ for cyclophosphamide, 40OH-CTX, and
CEPM in Ringer’s were 0.0038, 0.0068, and 0.020
uM, respectively.

Pharmacokinetic modeling

General methods

Plasma and ECF concentration-time data for
cyclophosphamide, 40H-CTX, and CEPM were
analyzed with a population pharmacokinetic
approach using non-linear mixed effect modeling
with Monolix v2018R1 (Antony, France: Lixoft
SAS, 2018; http:/lixoft.com/products/monolix).
Population parameters were estimated with the
Stochastic Approximation Expectation
Maximization algorithm. Inter-individual terms
associated with pharmacokinetic parameters were
assumed to follow a log-normal distribution. For
parent drug and metabolites, plasma and ECF
models, different model structures were tested (e.g.,
one or two-compartment models, linear or non-linear
elimination), and additive and/or proportional
residual variability models were applied. Plasma and
ECF concentration-time data below LLOQ were
included in the model dataset as censored (20).
Model selections were based upon the goodness-of
fit plots (21), precision of parameter estimates
(relative standard errors; RSE%), and change in the
maximization of the likelihood expressed as the
objective function value. The final models were
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evaluated using visual predictive checks (22).
Simulations of 500 replicates of the datasets were
performed. The observed data (i.e., plasma or ECF
concentrations) were overlaid on the 5%, 50", and
95" percentiles of the model simulations to visually
assess concordance between observations and model
simulations. GraphPad Prism (version 8.1 for
Windows, www.graphpad.com) was used for
statistical analyses and graphical presentations.

Modeling strategy:

A stepwise modeling strategy was used. First,
cyclophosphamide, 4OH-CTX, and CEPM plasma
concentrations  obtained from the plasma
pharmacokinetic  study were simultaneously
modeled to characterize the plasma disposition of
each compound. A limited sampling model was
developed for the subsequent microdialysis studies
based on the parameter estimates of
cyclophosphamide, the primary drug of interest. Due
to limitations upon total blood volume that could be
withdrawn from each mouse and the volume of
plasma required for bioanalysis, the microdialysis
studies were limited to three plasma samples per
mouse. The limited sampling model was developed
using the D-optimality method implemented in
ADAPT 5 (BSMR, Los Angeles, CA, USA) to
derive statistically informative time points for
plasma sample collection (23, 24).

Second, the cyclophosphamide, 4OH-CTX, and
CEPM plasma data collected during the
microdialysis studies were combined with those
from the previous plasma study, and the plasma
model parameters were re-estimated. Individual
post-hoc plasma pharmacokinetic parameters were
obtained for each mouse included in the
microdialysis studies and were used to characterize
the unbound tumor/brain ECF disposition of each
compound. ECF concentrations were modeled using
one or two-compartments linked to the central
plasma compartment. Only free cyclophosphamide,
40H-CTX, and CEPM were assumed to cross the
blood-brain-barrier or brain-tumor-barrier (25). For
each compound, only unbound drug was assumed to
be distributed into the ECF compartment, thus the
amount of drug in the plasma was multiplied by the
corresponding Fy. The drug ECF concentrations
collected during the microdialysis studies were
simultaneously analyzed.

For each mouse, model-derived area under
plasma and unbound  tumor/brain  ECF

concentration-time curve (AUCpo.sn and AUCgcr,-
sh) were generated for each compound by integration
of the plasma and ECF concentration—time profiles
from time zero to 5 h. The plasma exposure values
of unbound cyclophosphamide, 40H-CTX, and
CEPM (AUC, plasma) Were derived as the product of
each compound AUCpos, and Fu. The CNS
penetration of each drug in both non-tumor- and
tumor-bearing mice was assessed by calculating the
unbound tumor/brain to plasma partition coefficient
(Kp,w) as follows:

P AUCgcr
bt AUCu,plasma

The model-derived drug exposures in plasma,
tumor, and brain, as well as the K, . values were
statistically compared between the non-tumor- and
tumor-bearing mice using two-tailed unpaired t-test
with Welch’s correction. A p-value of < 0.05 was
considered significant.

RESULTS

Plasma protein binding studies

The protein binding of cyclophosphamide, 40H-
CTX, and CEPM in CDl murine plasma was
assessed by subjecting spiked plasma samples to
rapid equilibrium dialysis. The compounds were
negligibly bound to the dialysis membrane contained
in the Centrifree® ultrafiltration devices, suggesting
that rapid equilibrium dialysis was a suitable
technique for determining cyclophosphamide and
metabolites protein binding. The median (range) Fy
values of cyclophosphamide, 4OH-CTX, and CEPM
in mouse plasma were 0.26 (0.24-0.28), 0.39 (0.28-
0.48), and 0.31 (0.29-0.34), respectively.

Plasma pharmacokinetics

The characteristics of the plasma study performed in
non-tumor-bearing mice are presented in Table 1.
The cyclophosphamide data below the LLOQ
represented 40% of all collected data, with no
cyclophosphamide concentration measurable from
4h post-dose. Only 10% of the 4OH-CTX data fell
below the LLOQ, while all the CEPM data were
measurable up to ©6h post-dose. Plasma
cyclophosphamide, 4OH-CTX, and CEPM data
were each well-fitted with a two-compartment linear
model (Fig. 1). For identifiability issues,
cyclophosphamide and 40H-CTX were assumed to
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be fully converted into 4OH-CTX and CEPM, parameters estimated for 4OH-CTX and CEPM were
respectively. Thus, the clearance and volume apparent.

Table 1. Pharmacokinetic studies characteristics

Plasma study Cerebral microdialysis studies

Study M1 Study M2 Study M3 Study M4
N# mice 12 5 8 9 7
Type NTB NTB G3MB NTB G3MB
Dosage 130 mg/kg 130 mg/kg 130 mg/kg 130 mg/kg 130 mg/kg
Route 1P 1P 1P 1P 1P
Plasma data: N# samples analyzed (% BLQ data)
- Cyclophosphamide 30 (40%) 14 (0%) 23 (0%) 27 (0%) 21 (0%)
- 40H-CTX 30 (10%) 15 (0%) 24 (0%) 26 (0%) 21 (0%)
- CEPM 30 (0%) 15 (0%) 24 (0%) 27 (0%) 21 (0%)
Tumor/brain ECF data: N# samples analyzed (% BLQ data)
- Cyclophosphamide 25 (0%) 38 (5.3%) 45 (33%) 35 (40%)
- 40H-CTX - 25 (0%) 38 (0%) 45 (53%) 35 (60%)
- CEPM 25 (4%) 38 (7.9%) 45 (31%) 35 (49%)
2DV solution - Perfusate Perfusate Tube Tube

NTB non-tumor bearing mice, G3MB mice orthotopically implanted with Group 3 medulloblastoma, BLQ below the limit
of quantification, ECF extracellular fluid, 4OH-CTX 4-hydroxy cyclophosphamide, CEPM carboxyethylphosphoramide
mustard, DV derivatizing solution to stabilize 4OH-CTX, IP intraperitoneal. * A phenylhydrazine derivatizing (DV)
solution was added to the collected plasma and ECF samples to stabilize and analyze 4OH-CTX. For plasma samples, the
DV solution was added in the collection tubes after blood sampling. For ECF samples, the DV solution was either added
in the perfusate in the microdialysis probe, or added in the dialysate collection tubes.
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Figure 1. Plasma-ECF pharmacokinetic model structure. Plasma compartments are depicted on the left, and ECF
compartments are depicted on the right. All blue compartments represent cyclophosphamide (CTX), green compartments
represent 4-hydroxy-cyclophosphamide (4OH-CTX) and red compartments represent carboxyethylphosphoramide mustard
(CEPM). For each compound, “CL”, “V”, “Q” and “Vp” are the central clearance, central volume, peripheral clearance and
peripheral volume of distribution, respectively. Fy is the fraction unbound in plasma. “Vgcr” is the volume of the ECF central
compartment, and CLi, and CL.¢ are the influx and efflux clearances.
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The mean plasma pharmacokinetic parameters of
cyclophosphamide were used to derive a limited
sampling model for wuse in the subsequent
microdialysis studies. The most informative time-
points were determined at 0.25, 1, and 2h post-dose.

The plasma data collected during the
microdialysis studies were combined with the data
from the plasma pharmacokinetic study, and the
model parameters were re-estimated. The final
parameters were estimated with good precision (all
RSE<30%), and are reported in Table 2. The
diagnostic plots for the plasma model are depicted in
Supplementary Material (Fig. S1). The model
VPCs are presented in Fig. 2 (1% column). The
central tendency and variability of
cyclophosphamide, 4OH-CTX, and CEPM plasma
concentrations in the mouse population were well
predicted by the selected model. Mean observed

uM for cyclophosphamide, 40OH-CTX, and CEPM,
respectively. Mean model-derived plasma exposures
of total cyclophosphamide, 4OH-CTX, and CEPM
(AUCp.sn) in mice were estimated at 112.6, 45.6,
and 80.8 uM-h, respectively.

CNS penetration of cyclophosphamide and its
metabolites

Concentration-independency of the in Vvitro
recovery

The concentration-dependency of the in vitro
recovery was  evaluated using  different
cyclophosphamide concentrations. The average
recovery values obtained for the following
cyclophosphamide concentrations: 20, 200, and
2000 ng/ml were 15.3%, 27.2%, and 11.8%,
respectively (p>0.5). The individual recovery values
are depicted in Supplementary Material (Fig. S2).

maximum concentrations were 352.9, 81.9, and 84.8

Table 2. Final pharmacokinetic parameter estimates for cyclophosphamide and its metabolites
Estimate (RSE %)

Parameter (Unit) Cyclophosphamide 40H-CTX CEPM
PLASMA MODEL

Population estimates

Central clearance CL (L/h/kg) 4.4 3.7 11 (4.9) 6.4 (3.0)
Central volume V (L/kg) 0.65 (5.0) 2.4 (6.2) 1.1(5.3)
Peripheral clearance Q (L/h/kg) 0.18 (4.3) 0.075 (17) 1.6 (9.0)
Peripheral volume Vp (L/kg) 0.062 (2.6) 0.22 (20) 1.7.(7.1)
Proportional residual variability €prop 0.24 (11) 0.29 (11) 0.18 (12)
Inter-individual variabilities (I1IV)

Central clearance n-CL 0.11(17) 0.13 (19) 0.094 (25)
Central volume n-V - - 0.22 (21)
ECF MODEL

Population estimates

Influx clearance CL;, (L/h/kg) 4.3-10* (16) 2.3-10(25) 8.8:107 (17)
Efflux clearance CLcr(L/h/kg) 2.4-107 (7.0) 3.3:10° (4.9) 1.5:107(7.2)
Proportional residual variability €prop 0.45 (12) 0.33(16) 0.22 (15)
Inter-individual variabilities (I1IV)

Influx clearance n-CLin 0.31 (5D 0.86 (19) 0.62 (19)
Efflux clearance 1-CLet 0.23 (22) - 0.20 (38)

CTX, cyclophosphamide, 4OH-CTX 4-hydroxy cyclophosphamide, CEPM carboxyethylphosphoramide
mustard, RSE% relative standard errors, ECF extracellular fluid.

Inter-individual variabilities are reported in terms of standard deviations. All inter-individual terms were assumed
to follow a log-normal distribution as follows: P; = 6p, - e"Pi where P; is the pharmacokinetic parameter for the

i individual, Op; the population typical value for P;, and npi the inter-individual variability effect.
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Figure 2. Observed data and visual predictive checks (VPC) for plasma and ECF cyclophosphamide and metabolites
concentration-time data. The first column shows the observed data and model VPC for plasma cyclophosphamide CTX (blue),
4-hydroxy-cyclophosphamide 4OH-CTX (green) and carboxyethylphosphoramide mustard CEPM (red). The second column
shows the observed data and model VPC for brain or tumor brain extracellular fluid CTX (blue), 4OH-CTX (green) and
CEPM (red). In each graph, black open-circles represent the observed concentrations in non-tumor bearing mice, and colored
open-circles are the observed concentrations in mice bearing orthotopic Group 3 medulloblastoma. The crosses represent the
simulated data below the limit of quantification. Dashed lines depict the mean (50" percentile) of model simulated
concentrations, and the shaded areas represent the 90% prediction interval (5-95% percentiles) of the model simulations.

The results showed that the recovery was
concentration  independent.  Therefore, one
concentration (i.e., 1 pg/ml) was used for the
subsequent in vitro recovery studies during the
cerebral microdialysis.

Impact of different methods to collect 4OH-CTX
samples in ECF

Cerebral microdialysis was used to determine both
mouse brain and tumor ECF disposition of

cyclophosphamide and its metabolites after a dosage
of 130 mg/kg IP. The bioanalytical analysis of the
collected data revealed large differences between the
studies M1 and M2 with the derivatizing solution in
the microdialysis probe perfusate, vs the studies M3
and M4 with the derivatizing solution added in the
dialysate collection tubes. In studies M1 and M2,
most of the cyclophosphamide, 4OH-CTX, and
CEPM collected data were quantifiable for up to Sh
post-dose (data not shown). However, in studies M3
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and M4, most of the cyclophosphamide, 4OH-CTX,
and CEPM concentrations fell below the LLOQ after
3 h post-dose.

The histology studies performed with HE
staining to confirm the location of the microdialysis
probes confirmed a difference between the two
approaches used to stabilize 4OH-CTX. In the
studies M1 and M2 with the derivatizing solution in
the probe, the brain tissues exhibited hemorrhage and
necrosis which represented on average 18+20% and
17£5% of the areas examined, respectively. In
comparison, in the studies with the derivatizing
solution in collection tubes, only 1.0+1.2% and
2.6£0.9% of the brain sections examined were
hemorrhagic and necrotic, respectively. As an
example, Fig. 3 shows representative sections of
brain tissues of two non-tumor-bearing mice; one
with derivatizing solution in the probe (right) and
one with derivatizing solution in the collection tubes
(left). The presence of blood around the membrane
may have led to a contamination of the ECF
collected samples in studies M1 and M2, which
could explain the higher observed concentrations for
cyclophosphamide, 40H-CTX, and CEPM. In
consequence, the data collected in studies M1 and
M2 were excluded from further analysis.

Tumor and brain ECF pharmacokinetic modeling
The cyclophosphamide, 4OH-CTX, and CEPM data
collected from the studies M3 and M4 were corrected
by the individual calculated in vitro recovery
coefficients. Mean (£ SD) obtained recovery

A] DV solution in collection tube

B] DV solution in perfusate

coefficients for cyclophosphamide, 4OH-CTX, and
CEPM were 16.8% (6.2), 28.1% (8.1), and 18.0%
(4.8) in study M3, and 29.2% (4.3), 45.6% (4.1), and
25.4% (4.2) in study M4. The ECF concentrations
were then simultaneously modeled with the plasma
concentration-time profiles previously derived in
each mouse. Tumor and brain ECF concentration-
time data were well fitted by a one-compartment
model for cyclophosphamide, 40OH-CTX and
CEPM, parameterized with influx and efflux
clearances (Fig. 1). To avoid over-parameterization,
only the transfer of each compound between plasma
and ECF compartments were modeled. The
metabolic processes occurring in the brain were
assumed negligible compared to those happening in
liver. Lastly, the volume of each ECF central
compartment was fixed to 0.001 L/kg based on
published data (26). The ECF pharmacokinetic
parameters estimated in mice enrolled in studies M3-
M4 are reported in Table 2. As shown in Fig. 2 and
Fig. S3, the model was able to capture the central
tendency and the variability of cyclophosphamide
and its metabolites ECF concentrations.

The model-derived unbound plasma exposures,
unbound tumor/ brain ECF exposures, and K;w
values for cyclophosphamide, 4OH-CTX, and
CEPM in both non-tumor and tumor bearing mice
are reported in Table 3. The K, values for each
compound were compared between the two groups
of mice: non-tumor-bearing mice vs mice bearing
orthotopic G3MB.

T F TR LT ToF e

SaF

bt g

o 0 micons & 3

250 microns ™

Figure 3. Representative sections of microdialysis probe locations in a non-tumor bearing mouse brain for which no
derivatizing solution was added in the perfusate (A), and in a non-tumor-bearing mouse brain for which the derivatizing
solution was added in the perfusate (B). Tissue was harvested 24 hours after treatment and stained with hematoxylin and
eosin. Scale equals to 250 um. Large lake of hemorrhage surrounding the membrane where the probe was located was
observed in the mouse brain which had the derivatizing solution in the perfusate.
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Table 3. Model-derived unbound plasma and ECF exposures (uM-h) and ECF to plasma partition coefficients (K;.u) for
cyclophosphamide and its metabolites.

NTB bearing mice (Study G3MB bearing mice (Study All mice (Studies M3-M4)

M3) M4)
AUCu,plasma,O-Sh
- CTX 29.2 (3.6) 27.9(3.1) 28.6(3.3)
- 40H-CTX 15.6 (0.7) 20.2 (0.8) 17.8 (2.5)
- CEPM 25.1(1.6) 23.1(1.7) 24.2 (1.9)
AUCKCF, 0-5n
- CTX 6.3 (1.3) 4.0(1.4) 5.2(L.8)
- 40H-CTX 2.1 (2.1) 1.0 (0.7) 1.6 (1.7)
- CEPM 2.1(0.9) 1.0 (0.7) 1.6 (0.9)
Kp,uu
- CTX** 0.22 (0.05) 0.15 (0.05) 0.18 (0.06)
- 40H-CTX 0.14 (0.14) 0.05 (0.03) 0.10 (0.11)
- CEPM 0.08 (0.04) 0.05 (0.03) 0.07 (0.04)

Data are reported in terms of mean (standard deviation).

NTB, non-tumor-bearing; G3MB, Group 3 medulloblastoma

AUC yplasma0-sh are the unbound plasma drug exposures. They were calculated as the product of each compound total plasma
exposure (AUCp, .sn) derived by the plasma pharmacokinetic model, and plasma fractions unbound Fy determined by
equilibrium dialysis.

AUCKkCcF, ¢-5n are the unbound tumor or brain drug exposures, derived by the ECF pharmacokinetic model.

Kp,uu are the unbound tumor or brain ECF to plasma partition coefficients. They were calculated as the ratio between
AUCkcF, 0-sh and AUC, plasma,0-sh for each compound.

**Unpaired t-tests with Welch’s correction were performed to compare the K, values between the non-tumor bearing
mice and mice orthotopically implanted with G3MB. Significantly lower K, .. values were observed for cyclophosphamide
in tumor-bearing mice compared to non-tumor bearing mice (p-value=0.019). No differences were found for the two
metabolites Kp.uu.

A significantly lower cyclophosphamide CNS knowledge, no studies have investigated the
penetration was observed in G3MB mice (p- penetration of cyclophosphamide and/or its
value=0.019) compared to non-tumor-bearing mice. metabolites into the mouse brain. Based upon the
No significant differences in CNS penetration of survival advantage that cyclophosphamide as a
40H-CTX and CEPM were observed between non- single agent or in combination confers preclinically
tumor- and tumor-bearing mice. and clinically (7, 9), its CNS penetration may be
assumed to be adequate for efficacy. However, the
DISCUSSION characterization of cyclophosphamide and/or its
metabolite pharmacokinetics in the brain and brain
The overall objective of the study was to evaluate the tumor provide valuable information which will help
penetration of cyclophosphamide and its metabolites to establish exposure-response relationships in
into the brain and brain tumors for treatment of pediatric medulloblastoma. In preclinical studies,
pediatric medulloblastoma. Understanding the extent this will further help to evaluate and optimize new
by which a drug crosses the blood-brain barrier and combination therapies to guide the design of future
enters brain tumors is crucial as this will affect the clinical trials.
clinical efficacy of the drug. Cyclophosphamide in This perspective motivated our current analysis
combination with other chemotherapeutic agents has which focused on the CNS penetration of
become as standard of care for the treatment of cyclophosphamide, 4OH-CTX, and CEPM using a
pediatric primary brain tumors. As such, it has been mouse model of pediatric G3MB, a subgroup of
used in efficacy studies in mouse models of medulloblastoma with poor prognosis (4). It also
medulloblastoma to investigate new combination used non-tumor-bearing mice to completely evaluate
treatments. Despite its long-term use, limited the brain penetrance of the drug, and identify what
information about cyclophosphamide ability to cross impact the presence of a tumor has on drug CNS
the blood-brain barrier is available. To our penetration (27). The preclinical approach used in
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this present study involves both systemic and CNS
tumor pharmacokinetic studies with population-
based pharmacokinetic modeling and simulation
(18). The inactive metabolite CEPM was included in
the study, as it can be simultaneously analyzed with
cyclophosphamide with the same bioanalytical
method. Furthermore, the inclusion of a downstream
metabolite was thought to help in estimating the
pharmacokinetic parameters for 4OH-CTX.

Cyclophosphamide, 40OH-CTX, and CEPM
plasma concentration-time data were adequately
described simultaneously by two-compartment
models, and no differences were observed between
non-tumor-bearing and tumor-bearing mice. All
three compounds were rapidly eliminated from
plasma, specifically cyclophosphamide with no
concentration measurable by 4 hours post-dose. The
ratios of 4OH-CTX and CEPM plasma AUC to
cyclophosphamide plasma AUC, 0.40 and 0.72,
respectively, were much greater than those that have
been observed in humans (28-30).
Cyclophosphamide is known to undergo extensive
metabolism, controlled by multiple cytochrome
P450 enzymes among others (15). Several isoforms
of P450 enzymes have been shown interspecies
differences in terms of activity; thus, it was not
unexpected to observe different metabolic behavior
in the mouse model (31). Another noticeable
difference between mice and humans was the extent
of cyclophosphamide plasma protein binding. Our
study showed a higher fraction unbound for the
parent drug (Fu=0.26) compared to what has been
measured in humans (Fuy 7-17%). However, the Fy
values determined for the two metabolites (4OH-
CTX Fy=0.39 and CEPM Fy=0.31) were similar to
what has been observed clinically (15, 32).

When performing microdialysis studies,
recovery studies are required to estimate the fraction
of the drug recovered through the probe and calculate
the “true” tissue concentration. The recovery
coefficients can be determined using several
methods such as in vitro dialysis, in vitro
retrodialysis and in vivo retrodialysis which
obviously should be preferred (19). Both in vivo and
in vitro retrodialysis were performed during our
cerebral microdialysis studies for cyclophosphamide
and its metabolites. Similar in vivo and in vitro
recovery values were observed for some probes;
however, several negative in vivo recovery values
were obtained in other probes. Therefore, the in vivo
recovery values could not be used in these studies,

and the conservative in vitro approach was used to
calculate the brain and tumor ECF concentrations.

As a putative active metabolite, 4OH-CTX is
important to characterize, although its bioanalysis
requires the addition of a derivatizing solution to the
collected samples immediately after sampling.
During the microdialysis process, this could be done
in two different ways. The derivatizing solution
could be added in the perfusate, which would prevent
from any delays between the collection of the sample
and the stabilization of 4OH-CTX. However, the
derivatizing solution would be in direct contact with
brain tissue. Alternatively, the solution could be
added into the tubes in which the ECF samples were
collected, without contact with brain tissue but with
potential delay to stabilize 4OH-CTX. Both methods
were tested in non-tumor-bearing and tumor-bearing
mice. The results clearly highlighted a negative
effect of the derivatizing solution placed in the
dialysate (Fig. 3). First, evidence of tissue necrosis
and hemorrhage surrounding the probe location was
observed. Then, the ECF concentration-time profiles
obtained in these studies (M1 and M2) for the three
compounds differed from those obtained in studies
M3 and M4 with solution in collection tubes. These
results led us to stop using the derivatizing solution
into the probe for any future study.

Overall, mice exhibited large inter-individual
variability in the ECF concentration-time profiles for
cyclophosphamide, 4OH-CTX, and CEPM. ECF
concentrations for the three compounds were
measurable for a few hours after dose administration
before falling below the limit of quantification.
Unbound brain or tumor to plasma partition
coefficient, K, u, is commonly used as a measure of
the extent of drug distribution into the tissue (brain
or tumor). On average, cyclophosphamide, 4OH-
CTX, and CEPM showed K, values of 0.18, 0.10,
and 0.07, respectively, in both non-tumor and tumor-
bearing mice (Table 3). The model-derived Kpu
values for cyclophosphamide highlighted significant
differences between non-tumor-bearing mice and
those orthotopically implanted with G3MB.
Cyclophosphamide exhibited lower CNS penetration
in presence of tumor compared to normal brain
(mean K, 4 0.15 for tumor-bearing mice versus 0.22
for non-tumor bearing mice). This result is not
completely understood and needs to be interpreted
carefully considering the high inter-subject
variability in the ECF observed concentrations, the
small number of animals included in the studies, and
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the non-significant different extents of CNS
penetration of the metabolites. One explanation is
higher efflux transport at the blood-brain tumor
barrier compared to that occurring at the blood-brain
barrier since cyclophosphamide is a substrate for
several transporters, such as P-glycoprotein
(ABCBI) expressed in the mouse model of G3MB
(33, 34). Another potential explanation would be a
more extensive drug metabolism at the blood-brain
tumor barrier compared to that occurring at the
blood-brain-barrier,  although no  significant
differences were observed in the CNS penetration of
the metabolites.

To our knowledge, no ICso value or minimum
effective concentration have been reported for the
active metabolite 40OH-CTX in Group 3
medulloblastoma. Friedman and colleagues found
that a range of cyclophosphamide concentrations
between 4.7 and 6.6 uM would lead to 1-log kill in
several medulloblastoma cell lines in vitro (35).
These values are in the range of the maximum ECF
concentrations we observed although the comparison
should be interpreted with caution as these values
were obtained in different medulloblastoma cell
lines than the one used in this analysis. The dosage
used in our studies (130 mg/kg cyclophosphamide)
was selected based on previously published studies
which demonstrated efficacy against
medulloblastoma mouse models (9, 10). White and
Sterling-Levis used an intraocular xenograft model
of medulloblastoma/primitive  neuroectodermal
tumor (cell line JRMB-6) to study components of the
VETOPEC (vincristine, etoposide,
cyclophosphamide)  multiagent  chemotherapy
regimen (9). When administrated as a single agent at
130 mg/kg IP daily for five consecutive days, it
produced an 85% response rate and statistically
improved survival versus saline controls. The same
cyclophosphamide dosage regimen was further
investigated in combination with cisplatin (IV, 5
mg/kg at day 1) in mice orthotopically implanted
with G3MB by Morfouace and colleagues (10). Mice
treated with cisplatin and cyclophosphamide (IP, 130
mg/kg, days 2-6) exhibited a median survival of 12
days longer compared to the vehicle-treated mice.
The population plasma-ECF model was used to
simulate the cumulative ECF exposures of
cyclophosphamide, 40OH-CTX, and CEPM after the
same dosing regimen in tumor-bearing mice (130
mg/kg, IP 5-days). Assuming that the CNS
penetration of the compounds was linear after

repeated doses, the mean cumulative ECF exposures
were 27.6, 5.3, and 8.9 uM-h for cyclophosphamide,
40H-CTX, and CEPM, respectively based on 500
simulations (Supplementary Material Figure S4).
Thus, the cyclophosphamide dosage was effective in
preclinical models of medulloblastoma when
administered in combination, although it was not
associated with a clinically relevant systemic
exposure for cyclophosphamide or its metabolites
(data not shown).

The plasma-ECF pharmacokinetic model that
was developed for cyclophosphamide and its
metabolites during this study will be of interest to
analyze future pharmacodynamic data (i.e., tumor
growth inhibition profile) in preclinical mouse
models of medulloblastoma, and establish exposure-
response relationships. However, it should be
acknowledged that the current model can not be
directly translated for use in pediatric patients. For
simplicity and identifiability issues, our model didn’t
account for metabolic processes occurring in the
brain and/or the tumor. It was assumed that the extent
of metabolism occurring in the brain was negligible
compared to that occurring in the liver. Thus, only
the transfer plasma-to-ECF and ECF-to-plasma rates

were modeled, with the primary goal of
characterizing the ECF exposures of
cyclophosphamide and its two metabolites. The
inter-species  differences found in terms of
metabolism and protein binding as well as

differences in the transporters’ expression and
activity, and physiological fluid flows that govern
CNS penetration will have to be accounted by using
more physiological CNS pharmacokinetic models
that also include brain tissue and cerebrospinal fluid
compartments, as these are the data that were
reported for cyclophosphamide in humans instead of
ECF concentrations (36, 37). Further work will be
required as it may be challenged by the complex
metabolic profile of cyclophosphamide involving
multiple enzymatic systems which may differ
between species.

To summarize, this study provided new and
additional information into the extent to which
cyclophosphamide, 4OH-CTX, and CEPM cross the
blood-brain barrier in non-tumor-bearing mice and
in mice bearing G3MB tumors. These results will be
used in the context of future efficacy analyses
evaluating combination treatments in mouse models
of medulloblastoma to characterize
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cyclophosphamide exposure-response relationships,
and to guide the development of new therapies.
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SUPPLEMENTAL MATERIAL

Section 1: Bioanalytical methods

For quantitation of cyclophosphamide/carboxyethylphosphoramide mustard (CEPM) in mouse plasma, 25 pL
plasma samples were used for solid phase extraction. 75 uL of 50 mM ammonium acetate (pH= 3) was added to
plasma samples to adjust the pH, followed by addition of 4 pL of combined ISTD working solution at 12500
ng/mL for both cyclophosphamide-ds and CEPM-ds. The spiked plasma samples were loaded onto the Oasis HLB
pElution plate which was pre-conditioned with 100 uL. methanol and then washed with 200 pLDDH-O. The plate
was washed by 100 pL of 5% methanol and then eluted with 100 pL of 50% methanol in DDH,O. 10 pL sample
extract was injected for LC-MS/MS analysis.

For quantitation of 4-hydroxycyclophosphamiode (4OH-CTX) in mouse plasma, 25 puL plasma sample was
transferred to 1.4 mL V-bottom pushcap tubes and 4 uL of 500 ng/mL CEPM-ds working solution added followed
by protein precipitation with 100 uLL methanol. The sample was vortexed for 1 min and centrifuged at 2680 x g
for 5 min at 4°C. 80-100 pL of the supernatant was transferred to autosampler vial and 12 pL. was injected for LC-
MS/MS analysis.

For quantitation of cyclophosphamide/CEPM and 40H-CTX in Ringer’s/derivatizing solution (2:1, v/v), 25
uL Ringer’s/derivatizing solution samples was spiked with 4 pL of combined ISTD working solution at 12500
ng/ml for both cyclophosphamide-ds and CEPM-ds, followed by dilution with 30 uL methanol. 6 uL sample was
injected for LCMS/MS analysis.

LC/MS/MS analysis was performed using Shimadzu HPLC coupled with AB Sciex Qtrap 4000 mass
spectrometry. Positive electrospray ionization (ESI) was used. For analysis of cyclophosphamide/CEPM in mouse
plasma extracts, chromatography separation was achieved using Gemini C18 column (3um, 50 mm x 4.6 mm)
and gradient elution with 0.1% formic acid in H>O as mobile phase A and methanol as mobile phase B. The
gradient program was set as 0-2 min, 60-85% B; 2-2.5 min, 85-85% B; 2.5-2.51 min, 85-60%B; 2.51-6 min, 60-
60%B. Ringer’s/derivatizing samples were analyzed using the same column and 0.1% formic acid in H,O as
mobile phase A and 0.1% formic acid in methanol as mobile phase B. To achieve better separation, an extended
gradient elution was used as 0-2 min, 10-10%B; 2-5 min, 10-85%B; 5-6.5 min, 85-85%B; 6.5-7 min, 85-10%B;
7-8 min, 10-10%B. For analysis of 4OH-CTX in mouse plasma extracts and Ringer’s/derivatizing samples,
chromatography separation was achieved using Gemini C18 column (3um, 100 mm x 4.6 mm) and gradient
elution with 0.1% formic acid in water as mobile phase A and methanol as mobile phase B. The gradient program
was set as 0-4.0 min, 55-95% B; 4.0-4.50 min, 95-95%B; 4.51-5.50 min, 55-55%B. For both mouse plasma and
Ringer’s/derivatizing cyclophosphamide/CEPM gradient methods, the flow rate was set as 0.7 mL/min; while for
40H-CTX gradient methods, the flow rate was 1.0 mL/min. The column temperature was set at 30°C for the
mouse plasma and Ringer’s/derivatizing cyclophosphamide/CEPM and 40H-CTX methods. Specific analytes and
their corresponding internal standards were identified by retention time using the following precursor-to-product
ion transitions, determined using analytical standards: m/z 261 = 140 (cyclophosphamide), m/z 293 > 221
(CEPM), m/z 367 = 221 (4OH-CTX) m/z 265 = 235.2 (cyclophosphamide-ds), and m/z 301 - 229 (CEPM-db).
CEPM-ds was used as internal standard for both CEPM and 4OH-CTX analyses. The calibration range for
cyclophosphamide, CEPM and 4OH-CTX in mouse plasma was 10-10000 ng/mL,60-6000 ng/mL and 4.73-
9074.07 ng/mL respectively; while that in Ringer’s/derivatizing solution was 5-2000 ng/mL, 20-1000 ng/mL and
1.89-4253.57 ng/mL for cyclophosphamide, CEPM and 40H-CTX, respectively.
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Goodness-of-fit plots for the plasma pharmacokinetic model.

The first, second, and third columns represent the diagnostic plots for cyclophosphamide, 4-hydroxy-cyclophosphamide
(40H-CTX), and carboxyethylphosphoramide mustard (CEPM), respectively. The first row depicts the observed plasma
concentrations vs the individual model predictions. The dashed lines are the unity lines. The second row depicts the individual
weighted residuals vs time, and the third row shows the normalized predicted distribution errors vs time. In these graphs, the
dashed lines represent the y=0 line. Crosses represent data below the limit of quantification.
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Figure S2. In vitro recovery coefficients obtained for each tested probe at different cyclophosphamide concentrations.
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Figure S3. Goodness-of-fit plots for the ECF pharmacokinetic model.

The first, second, and third columns represent the diagnostic plots for cyclophosphamide, 4-hydroxy-cyclophosphamide
(40H-CTX), and carboxyethylphosphoramide mustard (CEPM), respectively. The first row depicts the observed ECF
concentrations vs the individual model predictions. The dashed lines are the unity lines. The second row depicts the individual
weighted residuals vs time, and the third row shows the normalized predicted distribution errors vs time. In these graphs, the
dashed lines represent the y=0 line. Crosses represent data below the limit of quantification.
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Figure S4. Mean model-simulated ECF concentration-time profiles for cyclophosphamide (blue), 4OH-CTX (green) and
CEPM (red) after a dosage regimen of 130 mg/kg cyclophosphamide IP daily for five consecutive days.
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